Timing of activity, seasonal changes in food availability, environmental fluctuations, and costs of reproduction are important determinants of an animal's life history. In mountain ground squirrels (Spermophilus), the shortness of the active season influences how they time their activities. I studied timing of the active season, reproduction, and weight loss during hibernation in Columbian ground squirrels (S. columbianus) in Alberta, Canada, from the summer of 1994 to the spring of 1998. Entry into hibernation and emergence from hibernation the following year were earlier for females that did not wean a litter compared with those that did. The active season was shorter and hibernation longer for unsuccessful females than for successful females. Molt of females was earlier when they did not wean a litter than when they did. Date of mating had no influence on success in weaning a litter, but juveniles surviving to yearling age came from litters born earlier than juveniles that did not survive to yearling age. In successfully reproducing females, early entry into hibernation was associated with early mating. Daily and total weight loss during hibernation was higher in females that weaned young than in females that did not wean young.
Herbivores in temperate zones are faced with a short growing season of plants. Often only 1 season of the year is ideal for raising young, and thus timing of breeding is important for maximizing reproductive success. Because reproduction is energetically costly, parents should try to optimize timing of reproduction to minimize net energy expenditure and maximize investment in offspring. In many birds (Gauthier 1989; Morton and Derrickson 1990; Olsson 1996; Schoech 1996; Verhulst and Tinbergen 1991) , black-tailed prairie dogs (Cynomys ludovicianus -Hoogland 1995) , Unita ground squirrels (S. armatus -Rieger 1996) , and Columbian ground squirrels (S. columbianus- Murie and Harris 1982), ear-* Correspondent: peterneuhaus@hotmail.com ly mating results in higher reproductive success. Many factors affect timing of mating, such as food availability (Ben-David 1997; Benkman 1990; Churchill 1994; Komdeur 1996; Schoech 1996; Young 1996) , parasite abundance (Oppliger et al. 1994) , weather conditions, (Grindall et al. 1992; Murie and Harris 1982) , parental body condition (Mitchell and Lincoln 1973; Newton and Marquiss 1984) , quality of habitat, and parental experience (Gauthier 1989; Morton and Derrickson 1990) .
When the limiting factor is energy, which depends largely on food availability, the most efficient timing for reproduction might not be the same for parents and young. Females need the most energy during gestation and while their young are still fed by one or both parents. Young need enough energy, just after independence from their parents, to grow and accumulate body reserves to survive when food is least abundant. Females therefore have to balance maximum energy demands of lactation with the need for offspring to grow and fatten after weaning.
I studied the interplay between reproductive events and timing of the short active season in Columbian ground squirrels by evaluating how reproductive costs affect timing of hibernation, timing of the molt, and weight loss during hibernation. Adult female Columbian ground squirrels emerge from hibernation before plants begin their annual growth. An early start of the active season might be caused by the need for young to have enough time to grow and fatten before entering hibernation (Barash 1989; Michener 1985) .
Young Columbian ground squirrels first emerged from their natal burrows between mid-June and early July, entering hibernation (immerging) around mid-August. Consequently, young have little more than a month of active time to grow and accumulate enough fat for their 1st long and energy-consuming hibernation. Adult female Columbian ground squirrels also have a short active season of about 4 months in which they mate, lactate, wean young, and molt and fatten in preparation for hibernation. The decline of energy and water content in vegetation as summer progresses may be the primary reason for early immergence and the subsequent 8-month-long hibernation of these animals (Ritchie 1990 ). During lactation, female Richardson's ground squirrels (S. richardsonii) invest all their available energy into their offspring (Michener 1989) , leaving them with only the time after weaning to accumulate enough fat reserves for hibernation. Mothers and their offspring must not only fatten for the upcoming 8 months of inactivity but also molt before hibernating. Molt itself is energy consuming, as shown in birds (Klaassen 1995; Siikamäki et al. 1994) , European badgers (Meles meles- Stewart and MacDonald 1997) , and Candabrian chamois (Rupicapra pyrenaica parva-Peréz-Barbería and Nores 1996). Columbian ground squirrels hibernate individually (Young 1990) , unlike the alpine marmot (Marmota marmota), which hibernates in groups, allowing adults to help young conserve their fat reserves by group huddling (Arnold 1990) . Therefore, young ground squirrels need to achieve some minimum body size and to accumulate enough fat for hibernation. Hence, the short growing season of plants and the long period of hibernation require precise timing for females and their offspring.
Reproduction could influence negatively weight gain during the active season and survival of adult females. I evaluated possible proximate mechanisms that could account for costs of reproduction. I studied timing of immergence and emergence and molt to test the hypothesis that energetic costs of reproduction would delay these events. I also studied total, daily, and proportional weight loss during hibernation to determine whether energetic costs of reproduction have a negative influence on performance of females during hibernation. I evaluated the influence of the date of mating on reproductive success, recruitment of yearlings, and time of immergence of the females.
MATERIALS AND METHODS
Columbian ground squirrels were studied in the Sheep River Wildlife Sanctuary, Alberta, Canada (110ЊW, 50ЊN) in 1994-1998 in a subalpine meadow of about 2.5 ha at an elevation of 1,550 m inhabited by 150-250 squirrels. Ground squirrels were active only for about 4 months each year, hibernating during the remaining 8 months (Dobson et al. 1992; Murie and Harris 1982) . Females usually bred within the 1st week after emergence, giving birth 24 days later (Murie and Boag 1984; Murie and Harris 1982) . Juveniles emerged, on average, 27 days after birth from the natal burrow and were weaned soon thereafter.
All squirrels were marked for permanent iden-tification with numbered fingerling fish tags in both ears. Each individual also received a unique mark with black hair dye (Clairol, 124 natural blue black, type 3 permanent) on its back for identification from a distance. Animals were trapped weekly using 15-by 15-by 48-cm and 13-by 13-by 40-cm National and Tomahawk live traps baited with peanut butter and weighed (Ϯ5 g) with a Pesola spring scale. Besides weekly trapping, I caught and weighed animals at emergence from hibernation, mating, and within a few days of immergence; daily observations during those events helped determine the exact date of the event for each individual. Observations were made from 2-to 3-m-high wooden stands with binoculars. To get exact mating dates, females were examined for their sexual condition (degree of swelling of the vulva-Murie and Harris 1982). When no direct observations were available, I backdated mating dates by subtracting 51 days from juvenile emergence (Murie and Harris 1982) . I classified females that weaned Ն1 juvenile as successfully reproducing females; females that did not wean juveniles were unsuccessful. If juveniles were not observed or trapped the following year, I assumed that they did not survive to yearling age because neither sex dispersed as juveniles (Boag and Murie 1981) . Ages of most animals were known because they had been previously studied and trapped regularly (Stevens 1998) . Age was estimated for squirrels of unknown age on the basis of patterns of sex and weight that indicated whether they were Յ3 years old (King et al. 1991) . Dye marks faded during the annual molt of the adults in July and August. Whenever I saw an unmarked animal, I caught it and repainted the marks. In 1997, I noted dates of dyeing squirrels and classified molt as finished when no further dyeing was required.
Statistical analyses.-Squirrels caught for the 1st time after 15 May or for the last time before 15 July were not used in analyses of weights. I must have missed their emergence from or immergence into hibernation because it was unlikely to have occurred at those times (Dobson et al. 1992; Murie and Harris 1982; Young 1990 ). To calculate daily and total weight loss during hibernation, only animals caught Ͻ1 day of the observed emergence and immergence date were used.
To examine the influence of timing of mating on timing of immergence in successfully reproducing females, I used the median date of immergence each year to divide females into 2 groups of equal size. To ensure that I did not use data from females that died before going into hibernation, I used only immergence dates of animals that did emerge the following spring. Growing immature females may exhibit different patterns of reproduction and associated characteristics than adult animals (Dobson and Michener 1995) . Because 2-year-old Columbian ground squirrels are still growing in body mass and body size (Boag and Murie 1981) , I included only individuals that were Ն3 years old in analyses. All data comparing dates, such as timing of immergence, emergence, molt, or mating, were analyzed with Mann-Whitney U-tests. Where data were combined over years, effects of year were eliminated by using individual deviations from yearly averages instead of exact dates. For the comparisons of daily weight loss, total weight loss, and percentage weight loss during hibernation, I used 1-way analysis of variance (Sokal and Rohlf 1995) . Daily weight losses and total weight loss were not normally distributed and therefore were log transformed prior to analyses to meet the assumption of normality and homoscedasticity (Norusis 1994) . Percentage weight loss was arcsin-square root transformed. Ninety-two individuals were captured in the study. Some were used in this data set more than once in consecutive years; most of those females reproduced in 1 year but not in another year.
RESULTS
Female Columbian ground squirrels that successfully weaned a litter entered hibernation later than females that did not wean a litter (Z ϭ Ϫ5.29, P Ͻ 0.001, n ϭ 184; Table 1 ). Twenty-one of 82 successful females immerged in the 1st half of all immerging females. Successful females that mated early immerged earlier than late-mating females (Z ϭ Ϫ2.4, P Ͻ 0.02, n ϭ 82; Table 2 ). However, mating date was similar for unsuccessful females that emerged late and early (Z ϭ Ϫ0.4, P Ͼ 0.7, n ϭ 99; Table 2 ). Whether a female bred successfully also influenced emergence date the following spring (Z ϭ Ϫ2.32, P ϭ 0.02, n ϭ 184; Table 1 ). In 1977, the mean date that females that did not wean young finished their molt was 16 July (95% Confidence interval ϭ 12 July-20 July, n ϭ 27) but the mean date that females that weaned young finished their molt was 30 July (95% CI ϭ 29 July-31 July, n ϭ 32; Z ϭ Ϫ6, P Ͻ 0.001). The active season was longer for females that weaned young compared with females that did not (Z ϭ Ϫ4.7, P Ͻ 0.001, n ϭ 191; Table 1 ), and the following hibernation was significantly shorter for females that weaned a litter compared with females that did not (Z ϭ Ϫ3.34, P Ͻ 0.001, n ϭ 184; Table 1 ). Successful and unsuccessful females differed in total weight loss during hibernation (F ϭ 3.80, d.f. ϭ 1, 116, P ϭ 0.05; Table 3 ). During hibernation, females that weaned a litter lost 0.66 g/day, but females that did not wean a litter lost on average 0.60 g/day (F ϭ 6.19, d.f. ϭ 1, 116, P Ͻ 0.02; Table 3 ). Weight loss as a proportion of body mass at immergence was significantly greater in females that successfully weaned young compared with those that did not (F ϭ 10.05, d.f. ϭ 1, 116, P ϭ 0.002; Table 3 ).
Mating date of the mother had little influence on the survival of juveniles to emergence from the natal den; 109 successful females mated, on average, on 1 May (95% CI ϭ 29 April-2 May), and 137 unsuccessful females mated on 2 May (95% CI ϭ 1 May-3 May; Z ϭ Ϫ1.78, P Ͼ 0.07). However, females that successfully weaned Ն1 offspring that survived their 1st hibernation mated on average on 29 April (95% CI ϭ 28 April-1 May), significantly earlier than females weaning young that did not survive (4 May, 95% CI ϭ 1 May-7 May; Z ϭ Ϫ2.33, P ϭ 0.02, n ϭ 109).
DISCUSSION
Females that weaned litters immerged later than females that were unsuccessful in weaning offspring, resulting in a longer active season and a shorter hibernation for successful females. Michener (1978) reported a similar pattern in yearling female Richardson's ground squirrels; those that successfully reproduced entered hibernation later than those that did not give birth. The longer active season of those females likely compensates for their higher energy expenditure during reproduction.
It might, however, be difficult to compensate by staying active longer because quality of forage in August is low (Bennett 1997) , and the animals must eat more to acquire the same amount of energy as they would have in previous months. Ritchie (1990) suggested that Columbian ground squirrels hibernate early and for a long pe- riod primarily because they are unable to meet above-ground energy or water requirements during the time they spend in hibernation. Early immergence of adult males (Young 1990 ) and unsuccessful females into hibernation also might decrease their vulnerability to predation, increasing risk of predation for the remaining active individuals. Decline of food quality and increased predation pressure likely make it important for animals to immerge as soon as their body condition allows. This creates a tradeoff between declining forage benefit, predation pressure, and ability to accumulate fat resources. Although the difference in timing of immergence between successful and unsuccessful females was Ͼ1 week, the effect on emergence the following spring was Ͻ2 days. Dobson and Murie (1987) found that in years with late snowmelt and therefore late emergence and breeding, reproductive success was lower than in years when animals emerged early. There was a relatively small difference between successful and unsuccessful females in time of emergence compared with immergence, possibly because emerging and breeding as early as possible are advantageous for subsequent reproductive success of females. Offspring of later-mating females also might suffer higher mortality because of infanticide (Hoogland 1995) . Early mating females also might be more likely to start hibernation earlier than later-mating females.
The high quality of forage from May to mid-July (Bennett 1997 ) might be the reason that mating date had little influence on weaning success of females. However, later-weaned juveniles had a much lower chance of survival to yearling age than early weaned young, probably because of diminishing quality of vegetation in late July and August. Juveniles have to increase their body weight considerably during the last few weeks of the active season to survive hibernation. Offspring weaned in mid-June (at around the peak of the plant growing season) might have a considerable advantage over juveniles weaned later when forage quality already has started to decline. Therefore, survival of young to yearling age rather than weaning success could be the evolutionary force for breeding as early as possible and to emerge from hibernation before the onset of the growing season of plants. However, early emergence in mountainous regions has its risks because it is not uncommon for late snowfalls to make it impossible for animals to feed for several consecutive days; snow also can disrupt mating and affect early pregnancy, leading to abortion (Morton and Sherman 1978; Neuhaus et al. in press) .
The end of the molt was, on average, 2 weeks later in females that weaned a litter than in females that did not reproduce successfully. Similarly, nonreproductive female yellow-bellied marmot (Marmota flaviventris) initiated molting about 3 weeks earlier than reproductive females (Armitage and Salsbury 1993) .
While some unsuccessful female Columbian ground squirrels started molting before the last juveniles of successful females emerged, I never observed successful fe-males molting before they weaned their young. Assuming that molt is energetically expensive, as shown in birds, ungulates, and European badgers (Klaassen 1995; Peréz-Barbería and Nores 1996; Siikamäki et al. 1994; Stewart and MacDonald 1997) , the high energy expenditure associated with lactation may preclude molting until after weaning in successfully reproducing Columbian ground squirrels.
The higher daily weight loss during hibernation in females that successfully weaned juveniles compared with unsuccessful ones could have several causes. Although the end of the molt was on average 2 weeks later in successful females, immergence was only on average 1 week apart. Hence, it could be that molt in successful females not only was delayed but also was a constraint. The insulative quality of the new pelage may not be optimal for late-molting animals, and that could lead to the higher daily weight loss. Late-immerging animals also might have less time to carefully choose and prepare their hibernacula compared with earlier-immerging females. If there are differences in quality of hibernacula, the better sites already might have been taken by earlier-immerging squirrels.
Despite the shorter hibernation of females that weaned young, successfully reproducing females lost more weight than unsuccessful females. Because unsuccessful reproducing females likely went into hibernation at greater weights than successful reproducing females, weight loss as a proportion of immergence weight also was significantly higher in successful females than in unsuccessful ones. In case of a delayed spring, this could be fatal for lighter females if they are forced to stay longer in their hibernacula.
A delay in immergence into hibernation and a delay in molt for successful reproducing females indicate patterns that likely are associated with energetic costs. Higher weight loss during hibernation for successfully reproducing females also indicates energetic costs of reproduction that may influence survival and future reproductive success. That females that bred early had a higher chance of producing juveniles surviving to yearling age suggests that the early start of the active season for the ground squirrels is driven by evolutionary pressure rather than energetic needs of adult female squirrels. The shorter active season followed by a longer hibernation of unsuccessfully reproducing females might increase their fitness by reducing predation pressure in summer. Successful females, in contrast, have to prolong their active season to meet the energetic costs of hibernation.
